Abstract
Introduction
Distributed generation is growing rapidly and it poses challenges to grid operations, especially on LV network. A set of sample networks helps to study the effects of distributed generation on current LV networks.
The first step of the research on LV network, is modeling. More precisely the network topology, generation, and consumption.
Microgrid models that has similar basic characteristics to current networks are also needed. Most of the microgrid studies are based on a very simplified network (e.g. one bus bar -one consumer-few generation units [1] ) or based on real network data -although a specific one [2] . A commonly used European benchmark lv network [3] exists to support researches; however, it is also a more simplified case. In these cases, extending the conclusions to other types of network requires further analysis -especially in the case of voltage profiles.
A comprehensive set of benchmark networks has not been found to date. To address this issue, the current paper is analyzing the Hungarian LV distribution network, and a set of sample networks are created. These samples represent accurately the overall Hungarian LV network structure. Therefore, conclusions based on these models are valid for the Hungarian LV distribution network.
Consumption is also part of the current model. The network side characteristics of equipment found in ordinary households is slowly changing. E.g. an appliance consuming power, which is neither frequency nor voltage dependent -while it operates normally. One other problem is the hardly predictable and dynamic nature of the consumption -it has a great variance (spikes and nearly no load) in an LV network. The accurate modeling of a real consumer is a difficult, but essential requirement. While there are some works related to model residential consumption (e.g. [4, 5, 6] ), the set of parameters needs special attention and still not guarantee the accurate modelling of load spikes and periods with low loading. These parameters could be determined from sample measurements and need verifying. As a large database of load measurement is available, it is more precise and straightforward to use it directly, instead of parameter tuning. This way, the model inherently also incorporates Hungarian household consumer behavior -most importantly the random changes.
Last by not least, the generation. Whereas the consumption is very stochastic -varying from household to household -and cannot be controlled to a large extent, the generation is normally easier to control. However, all of the sources are operating identically along the feeder in the case of PV generation without control. As PV generation gives over 99 % of the distributed LV generation in Hungary, the model network will utilize this type of generation.
There are numerous works related to voltage profiles with increased PV generation (e.g. [7] - [12] ), but this article is dealing with the specific behavior of the constructed model networks. Therefore -based on these models -simulations are carried out to find the limits of distributed generation by voltage profile, without any smart control. Two simple regulation methods are also tested to show how even these simple methods improves the acceptable PV penetration on the network.
Network Data Analysis
Hungarian distribution network operators provided the data, which covers around 5/6-th of the data available on Hungary's LV network -representing all kinds that occur, including rural, suburban, and urban areas. Only the southeastern part of the country is not included in these dataset. However, the LV network structure in the country is very similar in the same type of areas, i.e. urban, suburban, or rural.
The goal was to represent feeder lines and make models for them, so aggregated values were calculated from the primary data by feeder lines. For each feeder line a graph was constructed, from which parameters were derived, consisting, among others, of:
• Overall length of the wires • Number of leaf nodes • Maximum leaf distances from the transformer • Average leaf distance from the transformer • The above mentioned parameters in electrical distances • How many connections could be made with neighboring lines in practice • Ratio of overhead lines vs underground cables • Number of customers supplied • Calculated current at the root node • Consumer per length, current per length Some basic principles helped to reduce the complexity of the task.
Firstly, too short lines are less interesting (below 20 m). These are usually serving only one customer, moreover such short distances are not going to have any voltage profile problems either.
Secondly, extremities do not need to be covered. While extreme cases can cause interesting problems, the goal of this article is to give general tendencies. As such, a few problematic lines are not representing the overall situation on the network. These very extreme cases are known by the DSO-s and will undergo network reconfiguration and reinforcement in the near future. Moreover, the problems identified by the model networks most definitely also exists with these extreme cases.
Thirdly, the goal is to make a set of model networks on which typical problems will appear. Therefore using assumptions towards the worst case (extremities should be avoided) simplification could be made.
IBM SPSS software provided the statistical calculations. Looking at the statistics of different DSO-s reveals that the networks do not differ much. The only exception was Budapest, which is a little different in mainly shorter lines, more cables, and more load. Nevertheless, comparing Budapest to other cities' cable lines shows similar networks.
The aggregated values reduced the amount of data, but it was still too much. Thus principal component analysis was used to find the inner dimensions and dependencies. The chosen set of dimensions covered 95 % of the deviations. The following key parameters could be distinguished:
• The general size of the network (both by means of physical and electrical length) The important thing is that these dimensions (not counting the overhead or cable dimension) show little correlation with each other. This means that, based on the type of network (i.e. cable or overhead), the other dimensions are independent from each other. Further analysis of the data revealed that there are not many possible values in those dimensions. It also helps to concentrate on longer lines and greater loads, as a lightly loaded, short line is most likely to be the last to pose operational challenges.
Half of the network is underground cable with mostly 1 (75%) or 2 (12%) leaf nodes (end points of the line not counting the transformer). They characterize urban areas. The overhead lines comprise 1 (35%), 2 (25%), 3 (15%) or 4 (10%) leaf nodes. Rural and suburban networks mostly consist of these overhead lines. The rest of the cases range from 3 to 8 in case of the cables and from 5 to 25 in the case of overhead lines.
The next variable is the length of the line, more precisely the point with the maximum distance. Again, the cable and overhead lines are entirely different. Cables range from 0-700 m and overhead lines range from 0-1500 m. There are not any clear groups here; it is similar to a Weibull distribution. The length can be divided into 30 m sections; this is the average pole distance in the case of overhead lines. This can be also stipulated at the cable lines, because this section length is appropriate for average house distances.
Fortunately, the distance correlates with the maximum distance in the case of laterals. Subsequently, the maximum distance also defines the lengths of laterals and the connection point to the backbone.
The possible interconnection points of the networks are 0-1 for cables and 0-1-2 for overhead lines. These points were placed to different ends of the network, although not used here for calculations.
The types of conductors are 95 mm 2 and 50 mm 2 aluminum wires in the case of overhead lines, and 150 mm 2 and 240 mm 2 aluminum in the case of underground cables. The backbones are of the greater diameter, and usually the laterals use the thinner wires.
As for the consumption, 80% of the overhead lines supplies one consumer at every 10-30 m. The cable lines serve around three times as many consumers per meter as overhead lines.
Generation is scarce in today's Hungarian LV network. There are some separated cases. Although yet uncommon, distributed generation is growing dynamically, doubling the built-in capacity every year. Thus, soon it will become a major concern for DSOs to keep the network in normal operational condition. Especially because only PV generation is growing, where peak production and peak demand occur at different times with residential consumers.
Consumption and Generation
Usually household consumers give a large portion of load in an LV network. Household consumption is very hard to model precisely, mostly because it changes dynamically to a large extent and the consumer behavior varies from household to household. Still, statistically made standard consumption profiles are readily available for calculations. However, this is smooth and is good only for a large number of customers clustered together. This standard profile is lacking any fast or large change in consumption. (See Fig. 1 )
In the case of single feeders, there are not enough customers to smooth the consumption, even more, they are correlated (e.g. going to work at morning, and coming home at afternoon, using more energy at early night than at noon). This can be clearly seen on Fig. 2 . In this example, the consumption of 30 households is calculated using the standard residential household load profile and it is compared to a set of 30 random measured residential profiles -There are large deviations both in the positive and negative range.
A sample year for 1422, metered customers was made from a large database of 15 minutes measurements spanning across years. The typical household consumers show two special characteristics: more energy usage at late afternoon and night, than in the daytime, and more energy usage at weekends than on weekdays. These simple rules sorted out commercial customers and leaved 426 household consumers (from the 1422). These profiles have a mean yearly consumption of 2500 kWh ranging from 800 kWh to 8000 kWh. The network has less loading at daytime on weekdays than on weekends, so the calculations used weekday profiles.
Commercial consumers are usually supplied by shorter lines and are not on the same feeder as residential consumers. Since PV generation produces power at daytime and commercial consumers use more energy at this time, problems are less likely to occur in these cases than with residential load. In the latter case, peak load is at late afternoon and night, when there is little or no PV generation, and when the PV generation is at its peak, the network is lightly loaded. Moreover, residential type consumers are dominant on longer lines. Therefore, it is preferable to use residential consumption models to search for problems that arise with growing distributed PV generation. For this reason, only residential customers were used for the calculations.
PV generation was estimated using a year's normalized production curve, according to which, a 1 kW peak system can produce around 1300 kWh of energy a year. If a consumer decides to build PV generation, the system most likely will be able to produce roughly the same amount of energy that the customer normally uses in a year -due to legislative environment.
PV penetration for simulation purposes here represents the chance that a customer is equipped with PV generation. For example with a PV penetration of 20% around every fifth household will be equipped with PV generation. If a household is picked for generation, its peak power is calculated based upon its yearly energy usage.
During the simulations, every consumer is assigned to a random profile from the previously mentioned 426 cases. The simulation is conducted for a full day, meaning 96 calculations for a day. To increase the possible combinations, every 15 minutes is used from a different profile and a different day, but in the same time of the day (e.g. every profile's load is from 18:15 when calculating the 18:15 time step). Attention was made to include day types. In a simulation case, all of the used profile measurements are from the same type of the day (i.e. weekday, Saturday or Sunday). Only loads from summer days were used to study generation and a clear sunny day was stipulated.
As only the active power was measured, the reactive power was estimated for each time step for each consumer with a random power factor ranging from 0.86 to 1 (inductive) below 500 W power usage and from 0.95 to 1 (inductive) for greater loads. These values originate from a series of measurements that involved six households. These measurements were recorded at the PCC (point of common coupling) and has a resolution of 1 minute. For PV generation a power factor of 1 was used.
Model Networks
There are a total of 11 model topologies of which 2 are cable and 9 are overhead lines:
• The 2 cable models (Fig. 4) have • 1 and 2 leaf nodes respectively.
• a maximum distance of 450 m • 9 household per section (30 m)
• 150 mm 2 and 240 mm 2 aluminum cables • The overhead models (Fig. 3 and Fig. 5 ) have The overhead models have a little different topology depending on their maximum distance. Variations in maximum distance were included for two reasons: Firstly, the basic length dependency of the calculated values. Secondly, to have lines that supply around the same number of customers as the lines with fever laterals. These models are built of 30 m sections. The endpoints of the sections are also the points of common coupling for consumers. This corresponds well with average pole distance for overhead lines, but is also valid for cable networks because of the house distances. Three household consumers are connected to every PCC with an overhead line, and nine household consumers with a cable line. Most of these consumers are using single-phase connection. The laterals in overhead networks are of smaller cross-section than the backbone.
These parameters were statistically calculated using the network dataset mentioned in Section 2. The goal was to represent the general voltage profile tendencies in the country with a handful of model networks. Therefore, some extreme topologies were neglected. Longer lines and more household were favored.
The overhead line topologies will be referred to by their number of leaf nodes, and the maximum distance. 
Simulation Results without Smart Control
Voltage profiles were analyzed to determine the allowable PV penetration on the model networks. The simulations were calculated with Matlab utilizing a load-flow, based on forwardbackward sweep method -with BIBC (busbar injection to branch current) and BCBV (branch current to busbar voltages) matrices [13] . Active and reactive power is not voltage dependent. It makes sense as more and more of today's equipment is supplied by power electronics and PV generation is also supplying through power electronics. While a typical household's load is not strictly voltage independent, the error neglecting it is small around the nominal voltage. Furthermore, PV generation is voltage independent and this is more important in this study. One feeder was computed at a time, thus the effects of the transformer were ignored. A sunny summer day with clear sky was used to estimate PV generation.
Only single line models were calculated, since the uncertainty in the distribution of consumers introduces greater variance than the effect of other phases. Nevertheless, it is worth noting, that system asymmetry could introduce greater voltage drop.
The root node (busbar voltage) voltage was set to 240 V, because the MV/LV transformers use a fixed tap setting. At the winter peak load -which is closely followed by the summer night peak load -this source voltage is necessary to maintain voltage everywhere within the limits. This starting voltage is commonly found in real networks. The transformer would further increase this voltage at daytime with high PV penetration even if a fixed tap setting were used.
Every simulation case was run 50 times, to explore the possible situations. The mean value and the 90 th percentile voltage for every 15 minutes were calculated at every node. The lower 10 th percentile voltage was also calculated and it was found that all of the sample networks supplied even the winter night's peak load. These percentiles leaves out 5-5 cases from the 50 runs -there is a step around the 90 th and 10 th percentile. This way the typical worst cases could be showed. The voltage drop never exceeded 20 V. Since the root node has 240 V, the network has at least 220 V everywhere.
The CIGRE residential benchmark system has also been included for comparison purposes. Since it has just a few PCCs, the PV penetration was handled manually, equipping consumers starting from the end of the network, adding new PV generation every 20 %.
The nodal voltage sensitivity was also calculated, and it was found that it could be well linearized. It gives more insight into the networks' robustness. With overhead lines-near the leaf nodes (the endpoints of the line) -this meant generally around 6 V per 3000 VA changes (both in the positive and in the negative range, with both reactive and active power). If overhead cable were used instead of overhead bare wire, the sensitivity to reactive power injection would decrease to around 1/8th of the original value.
With these sensitivities, even a single PV generation of a few kW built further from the transformer may introduce problems. Given that power electronics in PV generation have general overvoltage protection it will not generate power at times with high solar irradiation, instead it would simply switch on and off continuously. Of course, this depends on the amount of solar irradiation on the PV panels in that moment. Figure 6 shows a node's sensitivity that is at the end of the line in a long straight line configuration. It can be observed that the reactive power injection causes around the same voltage change throughout the day, but the active power is more dependent on the network loading. This correlates to the fact that PV generation and higher load values have a power factor close to 1. Due to this, using an overhead cable or bare wire configuration does not change the general behavior of the system. This is true while the reactive power flow is not significant. Although the network has close to unity r/x ratio (or with overhead cables around 8), the transformer has low r/x ratio. In the case of a single feeder, the voltage drop/rise on the transformer becomes negligible compared to the line after a few sections. However if all of the lines behave in the same way, e.g. all of the loads use or produce more reactive power, it needs further attention.
On the other hand, high sensitivity also corresponds to the effective usage of a storage system on the key points of the network. It could help to overcome voltage problems at noon, while also helps to supply customers at night. In the same time, it also helps to mitigate overloading problems.
Extreme cases are unlikely, and do not give general tendencies. Therefore, various scenarios for each model network with PV penetration ranging from 0 % to 100 % were tested. In the case of cable networks, all of the scenarios are viable; the maximum voltage never exceeds 250 V. Hence, only the overhead models are considered in the following.
The nodal voltage with the highest 90 th percentile voltage in a day are presented in Fig. 7 . As it can be seen, the 90 th percentile voltages exceed 250 V at just around 20 % of PV penetration for the longer lines. If the maximum voltage was considered (Fig. 8) , around 10 % can be allowed. The 500 m variants represent the shorter one third of the overhead network. Even these have voltage problems at greater PV penetrations. The CIGRE benchmark system performs similar to the longer configurations.
The more the maximal voltage the more time of a day cannot be used to produce PV power without smart control. At these times, many of the inverters without any regulation would switch on and off continuously -as the overvoltage protection does its job. So the actual maximal voltage would not exceed 252 V by large, but the constant switching could cause voltage quality problems.
Applying Simple Regulation
Two simple regulation strategies are tested. One is the busbar voltage change. This can only be achieved using on load tap changer (OLTC), because during the peak load of nights a higher starting voltage is desirable and a lower one during daytime when the sky is clear. The applicable voltage range is 220-240 V to avoid under voltage problems. 220 V was set as busbar voltage during the OLTC tests. In this case (Fig. 9) , the allowable PV penetration considerably improved -judging from the highest 90 th percentile voltage that appeared during the 50 test runs. It should be noted that this is the case for only one line at a time. If there are multiple feeders connected to a transformer, the busbar voltage has to be set to a value that is acceptable for all of the nodes. This deteriorates its usefulness in cases where some feeders do not have any generation, while the others have much. Still, during daytime a lower voltage could be set in most of the cases. Changing the power injection at nodes with PV generation is another simple method to keep voltages at required levels. Its drawback -in certain cases -is the decreased active power output and increased losses. Also with reactive power injection, a network normally severed by voltage rises can be regulated, but the more the reactive power the more chance it has to overload elements on the network because of the greater magnitude of the current. Moreover, the same problems can happen as with the on load tap changer. That is, if there are some feeders that are heavily feeding back to the grid and while doing so regulate itself with reactive power, they can cause voltage drop on the transformer and so a feeder without generation connected to this transformers could face under voltage problems.
For a simple and safe method only the active power limitation was used with a root voltage of 240 V. The following method was used to decide the active power generation of a household during a 15 minutes interval: The solar irradiation was increased in small increments until the actual irradiation for that specific 15 minutes interval was reached. If the voltage at any point of the network was above the limit in the process, the generator feeding it was curtailed with just the amount required to keep 250 V. This was repeated until no voltage violation occurred and the irradiation reached the value that was used in that 15 minutes interval. This mimics how a real network would behave, therefore customers towards the end of the line are affected more than the ones that are closer to the transformer.
The results indicate that for a portion of energy not produced, the overall generation could be elevated -At noon the average utilization can be low, but this period lasts for only a couple of 15 minutes intervals. The overall average utilization for a feeder line can be seen on Fig. 10 . It is important to note that this sunny clear test day was the one with the most irradiation in a year. During days with less irradiation, the utilization would be greater. The effect on single customers depends on their distance from the transformer.
It is also worth noting that overloading may be present with high penetration of PV generation.
Conclusion
A set of sample model networks -including topology, consumption, and generation -were developed, using real, measured data. These can be used to study the behavior of current LV network or can be used as a foundation to build microgrid models.
The current paper analyzed the voltage profiles of these model networks, according to which, a large portion of today's overhead network in Hungary cannot support high levels of PV generation, regardless of the network topology. The studied cases assumed that every household, where there is generation, only produces its own yearly energy consumption. The yearly average household consumption in the sample profiles although matches the country's mean, it is also not particularly large, there are regions where this is much higher (4000 kWh instead of the 2500 kWh) and PV penetration is also growing more dynamically there. Expecting growth of yearly consumption also increases the newly installed PV capacity thus decreases the ratio of usable PV generation in the future. Even worse, just a few relatively large PV systems can cause voltage rise problems throughout the network. Moreover, some consumers that plan to install PV system, do it jointly with other investments that significantly increase its consumption -therefore they build a bigger PV capacity (e.g. a larger PV system with heat pump for space heating and cooling). To conclude, it is mandatory to include some voltage regulation techniques in order to accommodate large portion of distributed generation in the future.
The allowable PV penetration in areas where commercial consumers are present would be greater than with residential consumers because the load and production profiles overlap.
Using either or both of the two simple regulations considerably increased the networks' PV potential judged by the voltage profile. However, the high amount of reversed power flow can cause overloading and unexpected results upstream in the MV network that needs further attention.
Typical cable lines should be capable of supporting high PV penetration judging by voltage profiles. Cable and transformer overloading will be the most likely to limit the PV penetration in these areas.
